Abstract A real time system used to detect phase difference between two sinusoidal signals is proposed in this paper. The system is designed to process the phase signal of the far-infrared (FIR) hydrogen cyanide (HCN) interferometer on J-TEXT. It is based on zero-crossing detection and makes use of the digital circuit. Compared with a traditional zero-crossing phase detector, it doesn't need to sacrifice the time resolution to expand the phase range. The phase difference is divided into two parts, the integer part and the fraction part. In each detecting cycle, they are detected separately. It outputs digital signals that are more stable for transmission. A prototype was built on J-TEXT using discrete components. A practical method is proposed to deal with the counting error caused by the deviation of electronic components in manufacture. Reasonable results were obtained on the prototype. The phase resolution reaches 2π/64 in test, and can still be improved by raising the clock frequency.
Introduction
Plasma density is an important parameter for tokamak plasmas [1] . As for most other tokamaks, plasma density information is obtained by HCN interferometer, which is based on heterodyne measurements, on J-TEXT [2] (R = 1.05 m, a= 0.27 m). By comparing the phase difference between the reference and the detected signals, we can get the plasma density.
Usually, there are two ways to get the phase difference: software and hardware. However, it is difficult to get density in real time during discharge using software [3] . As we know, real time measurement of plasma density is important for plasma control. So a phase detector is necessary. For traditional phase detectors, the phase difference is obtained by the time delay between the same phase positions of the two signals. So when the range of phase difference expands, the temporal resolution is decreased. For example, if the phase is less than 2π, the signals are compared every cycle, while for the phase between 2π and 4π, they are compared every two cycles.
To overcome the above disadvantages and make the phase information easily used for control, a digital multi-radian phase detection system is designed. The new phase detection system allows phase difference over 2π, without sacrificing the temporal resolution. Digital output makes the phase difference information easier to use for other controls like density feedback. The transmission of digital signals rather than analog signals also enhanced the stability of the whole system. The paper is arranged as follows: firstly, the HCN interferometer signals and the basic theory of the phase detector are introduced in section 2, some difficulties of the design are also discussed in this part. Then the experiment results are shown in section 3. Finally a conclusion is drawn in section 4.
2 Design of multi-radian phase detection system 2.1 Experimental set-up [4] A seven-channel far-infrared HCN laser interferometer has been established to provide the line integrated plasma density for the J-TEXT experimental scenarios. The optical layout of the FIR interferometer on J-TEXT is shown in Fig. 1 .
The laser source is a continuous wave glow discharge HCN laser designed with a cavity length 3.4 m, the wavelength is 337 µm and the output power is up to 100 mW. The system is configured as a Mach-Zehnder type interferometer. Phase modulation is achieved by a rotating grating, with a modulation frequency of 10 kHz. The final signal is detected by a TGS detector. After the TGS detector, two sinusoidal signals are acquired as ref and prob, as shown in Fig. 3 . The plasma density is related to the phase difference of the two signals [5] . Fig.1 Optical layout of the FIR interferometer on J-TEXT [6] Then the two sinusoidal signals are sent to the phase detector to get the phase difference. With the phase difference of the two signals, the line-averaged electron density of the plasma can be calculated as:
wheren e is the line-averaged electron density of the plasma, ϕ is the phase difference of the two signals, λ is the wave length of the light, n c is the cutoff density, l is optical path. For a specific system, all the other parameters are constant except for ϕ. The average density of the plasma can be easily obtained through Eq. (1). With several different channels the density profile can be obtained [7] .
Design of the phase detector
The basic concept of the design is to measure the time delay between the same phase points of two signals [8] . Compared with traditional phase detectors, the new detector divides the phase difference into two parts: integer part and fraction part. They are measured separately. The block diagram of the digital multi-radian phase detector is shown in Fig. 2 .
The signals fed into the phase detector are amplified first for easily processing later. Then they pass through a band pass filter and are converted into a square wave by hysteresis comparators. The rising edge of the square wave corresponds to a fixed phase of the sinusoidal signal. After synchronization, the two square waves pass through monoflops, the overlap processing unit, and then they are sent into an 8-bit up/down counter. The up/down counter counts up at the rising edge of the reference signal and counts down at the rising edge of the probe signal. This part gets the integer part of the phase difference. The timing sequence diagram is shown in Fig. 3 . Fig.2 Block diagram of the digital multi-radian phase detector A PLL frequency multiplier is adopted to multiply the 10 kHz reference square wave signal to a 640 kHz signal with the same phase as the reference signal. This signal is used as the clock signal of the whole system and the count clock for the up counter. Here is the fraction part of the phase difference. The up counter counts up 1, meaning 2π/64 phase increase. The phase resolution can be raised by increasing the clock frequency. The rising edge of the reference resets the up counter. The numbers in both up/down and up counters are moved into two latches at the rising edge of the probe signal as shown in Fig. 4 . In each detecting cycle, the integer part and the fraction part are detected separately. They will jointly give the complete phase difference. The output is the combination of the two parts as a real-time phase difference rather than the phase difference differential of time. The result is output as a digital signal, so it is more stable and non-vulnerable in transmission.
Dealing with pulse overlap
Due to the deviation of electronic components in manufacture, the width of pulse signal used for counting by the up/down counter from the monoflop can't be the same. The up/down counter counts at the rising edge of either of the two signals while the other stays high. If the two rising edges come at the same time, the up/down counter doesn't count. The difference of width of pulses brings errors when the rising edges of the two square waves come across. For example, in the situation shown as s1 and s2 in Fig. 6 , the counter will count up or down while it shouldn't. This brings errors to the integer part of the phase difference.
To eliminate the abovementioned count errors, the situation of pulse overlap should be avoided. Based on the principle mentioned in Ref. [9] , the following method is proposed to deal with the pulse overlap.
The pulse overlap elimination method is an effective way to correct the above error. It corrects the error by delaying one of the two rising edges. The block diagram of the pulse overlap elimination method is shown in Fig. 5 .
The truth table of the above circuit is shown below in Table 1 . As can be seen from the truth table, M will go 0 when s1 and s2 both go 0, then M will keep 0 until s1 and s2 both go 1, and then keep 1 until s1 and s2 both go 0 again. When the situation of pulse overlap appears, gate M will close (0) and then open (1) to correct the error. The result is shown as s1' and s2' in Fig. 6 . After solving the problem, gate M remains open. So the normal counting without pulse overlap is not affected.
As seen from the timing diagram, the problem brought by pulse overlap could be effectively solved in this way. 
Experimental results
A prototype of the system was built, as shown in Fig. 7 . The whole system contains a power supply module, an analog processing module and a digital signal processing module. The sinusoidal reference signal and the probe signal are sent into the system through BNC connectors, and then the signals go through the analog processing module and the digital processing module. The 14-bit phase difference information goes out through a 37-pin serial port into the digital acquisition system. The phase information is changed into a digital signal to reduce interference. It is also easy to convert a digital signal into optical signals. In order to test the system, two sinusoidal signals with nearly the same frequency were input to the system. These frequencies were 10 kHz for the reference channel and 9.999 kHz for the probe channel. The frequency difference is 1 Hz. So the phase difference between two signals should keep increasing and change 2π every second. Fig. 8 shows the real output from this phase detector. The fraction part increases periodically. The integer part adds one per second. It is the same as we predicted. Enlarging the fraction part, as shown in Fig. 9 , it is easy to find that the phase change is every 2π/64 which is consistent with the designed phase resolution. The result suggests that the system can detect the phase difference correctly and the phase resolution reaches 2π/64. Fig.7 The prototype of the system Fig.8 Integer and fraction. In the test, two sinusoidal signals with nearly the same frequency were input to the system. These frequencies were 10 kHz for the reference channel and 9.999 kHz for the probe channel. The integer part and the fraction part are shown separately in the figure. The fraction part finishes 1 cycle, the integer part counts up 1 In test experiments, this phase difference was obtained by both the software phase comparator based on FFT and the digital multi-radian phase detector. Fig. 10 shows two density curves obtained by the digital multi-radian phase detector (red curve) and by software phase comparator (blue curve), respectively. Comparison is made in experiment between the result given by software phase comparator based on FFT and that by the digital multi-radian phase detector. The density obtained from the digital phase detector is consistent (red curve) with that from the software phase comparator (blue curve)
As shown in the figure, the density obtained from the digital phase detector is consistent with that from the software phase comparator. Thus the experimental results are satisfactory.
Conclusion
A new way of obtaining the phase difference on J-TEXT is achieved. Phase difference over 2π can still be measured without sacrificing the temporal resolution. The main problem of pulse overlap is solved through the pulse overlap elimination method. Direct output of a digital signal makes the phase information easier to be used in control. The phase resolution reaches 2π/64 in test, and can still be improved by raising the clock frequency. By changing the signal into a digital signal the stability of signal transmission is also improved. The system provides the required density information in the test experiment of the prototype.
